The development of a large animal model of fulminant hepatic failure produced with acetaminophen that should be useful in the development and evaluation of potential medical therapies for the important clinical problem of fulminant hepatic failure is described. Acetaminophen in dimethyl sulfoxide (600 mg/ml) given as three subcutaneous injections, with the first dose (750 mg/kg body wt) being given at noon, the second dose (200 mg/kg body wt) being given 9 h later, and the third dose (200 mg/kg body wt) being given 24 h after the initial dose consistently produces fulminant hepatic failure in dogs. The dimethyl sulfoxide vehicle, injected intramuscularly, does not influence either animal survival or hepatic function in control-treated dogs. No deaths occur within the first 36 h. By 72 h after initial drug administration, the mortality is 90%. Histopathological and biochemical investigations demonstrate a high degree of hepatocellular necrosis in nonsurviving animals without appreciable damage to the kidneys, lungs, or heart. The drug schedule and preparation outlined avoids the administration of large volumes of vehicle and results in prolonged high levels of acetaminophen in the blood sufficient to induce severe hepatic injury. Ranitidine (120 mg/ kg body wt i.m.l given 30 min before each acetaminophen dose significantly reduces the mortality and hepatic necrosis produced using this model. This model satisfies all criteria established by Miller et al. for the production of a suitable large animal model of fulminant acute hepatic failure.
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A major deterrent to the development of new therapies for the important clinical problem of fulminant hepatic failure is the lack of a safe, reliable, and inexpensive large animal model to use in such studies (1) (2) (3) . Currently, the two most frequently used large animal models of fulminant hepatic failure are produced either as a result of ischemic hepatic mJury or acetaminophen-induced hepatotoxicity. Ischemic hepatic necrosis necessitates surgical intervention, requires considerable technical expertise, involves great expense, and is associated with a high degree of model-to-model variability (4) (5) (6) (7) (8) (9) (10) . The second model capitalizes on the well-known hepatotoxicity of acetaminophen (11) (12) (13) (14) (15) and has been studied widely. Unfortunately, it has never been standardized or been shown to be reproducible, producing inconsistent toxicity from animal to animal and between experiments (16) (17) (18) .
Potentially, there are three important reasons for this lack of reproducible results with the acetaminophen model. First, no attention has been given to the determination of acetaminophen blood levels in the animals being studied despite the fact that it is known that high blood levels of the drug are required to produce hepatic necrosis. Second, the duration of elevated levels of the drug necessary to produce consistent panlobular necrosis has not been determined. Third, no current model of drug-induced hepatic necrosis exists using 10-ml volumes of acetaminophen solution, which can be easily injected subcutaneously. The model reported considers each of these three issues.
Materials and Methods

Chemicals
Mass. Formaldehyde was obtained from Fisher Scientific, Pittsburgh, Pa.
Animals
One hundred twenty-seven male beagle-mix dogs were purchased from Russel B. Hutton Farms, St. Thomas, Pa. The dogs were housed in a large animal care facility and maintained at a constant temperature of 20° ± 1 DC with a 6 AM to 6 PM light cycle. All dogs were quarantined and allowed to acclimatize in the animal facility for a minimum of 1 wk before being used. All dogs were given a standard dry dog food and water ad libitum. Their body weights ranged from 9 to 14 kg.
Study Design
The animals were randomly divided into four groups.
Group 1 (n = 31) (intravenous administmtion of acetaminophen with and without sodium pentothal induction). Thirty-one dogs received an intravenous infusion of 1% acetaminophen in physiologic saline over a period of 45 min. In 7 dogs (la), a dose of 700 mg/kg body wt was infused. In the remaining 24 dogs (lb), a dose of 400 mg/kg body wt was infused. Sodium pentothal (25 mg/kg body wt i.m.) as an inducer of microsomal enzymes was administered daily to the animals in group Ib for 4 days before and on the day of acetaminophen administration.
Group 2 (n = 24) (intramuscular administration of acetaminophen dissolved in dimethyl sulfoxide). Twen'-ty-oue dogs were given an intramuscular injection of acetaminophen (900 mg/kg body wt dissolved in DMSO at a concentration of 600 mg/ml). All of the dogs received sodium pentothal (25 mg/kg body wt i.v.) as an anesthetic on the day of acetaminophen administration. Three dogs were used as controls for this group and were treated with the same volume of DMSO given the treated animals but without any acetaminophen.
Group 3 (n = 20) (subcutaneous administration of acetaminophen dissolved in dimethyl sulfoxide). Twenty dogs were treated with a subcutaneous injection of acetaminophen at a dose of 1600 rng/kg body wt, which was administered as a solution of acetaminophen in DMSO (600 mg/mll. Novocaine was used as a local anesthetic, being injected in the areas surrounding the acetaminophen injections.
Group 4 (n = 52) (multiple subcutaneous injections of acetaminophen). Fifty-two dogs received a total of three time-spaced subcutaneous injections of acetaminophen in DMSO at a concentration of 600 mg/ml. The first injection of acetaminophen (750 mg/kg body wt) was given at noon; the second injection (200 mg/kg body wt) was given 9 h later; the third dose (200 mg/kg body wt) was given 24 h after the initial dose. This treatment protocol was chosen to produce a concentration of drug in serum of ~140 /Lg/ml for a period of at least 20 h. Previous studies have shown that it is important to attain and maintain this level for a period of 24 h to produce consistent hepatic ACETAMINOPHEN IN HEPATIC FAILURE 471 necrosis (19) . Further, this dosing schedule was selected because it is not complicated by the production of methemoglobinemia. Twelve of the 52 dogs in this group were also given ranitidine (120 mg/kg body wt Lm.) min before each dose of acetaminophen.
Biochemical Determinations
Blood levels of acetaminophen. Five animals in each group were used to determine blood acetaminophen levels (20) . A blood sample of 7 ml was taken from each animal at 0, 24,48,60, and 72 h after initial administration of acetaminophen.
Biochemical parameters. Ten dogs in groups 1, 2, and 3, and all of the dogs in group 4, had serum glutamicpyruvic transaminase, ammonia, urea nitrogen, albumin, bilirubin. and cholesterol levels determined before and at various times after acetaminophen administration. Standard laboratory methodology was used for each measure. A coagulation profile comprising nine parameters (fibrinogen, factors II, V, VII, VIII, IX, X, XI, and XII) was obtained at each such assessment. Fibrinogen levels were expressed as milligrams per deciliter and the various factors as units per milliliter (21) (22) (23) (24) . Plasma amino acid profiles were determined using deproteinized plasma obtained with 4% sulfosalicylic acid treatment of the plasma. The resultant supernatant was applied to an amino acid analyzer (Beckman Instruments, Somerset, N.J.) and the levels of free branched chain and aromatic amino acids (including tryptophan) in the plasma were determined.
Hematology. In addition to all of the above measures, the hematocrit and the presence of hemoglobinuria and methemoglobinemia were assessed in all of the dogs in group 4. The methemoglobinemia was quantified in a hematology laboratory using a standard methodology (25) .
Histology
All nonsurviving dogs underwent necropsies that included a full histologic evaluation of the liver, kidneys, lungs, and heart. Tissues were fixed in 10% neutral buffered formalin, sectioned at 6 /Lm, and stained with hematoxylin and eosin.
The assessment of the degree of hepatic necrosis was initially performed using a semiquantitative scale. The scale was based on two observations and performed by a single staff pathologist who was blinded as to the treatment group: (I) the extent of necrosis within individual lobules [(a) mild = less than one-third of the lobule, (b) moderate = one-third to two-thirds of the lobule, and (c) greater than two-thirds of the lobule]. This initial assessment was then combined within (II) an estimation of the number of lobules affected [(a) less than one-third, (b) one-thire! to two-thirds. and (c) greater than two-thirds of the lobules examined being affected].
Statistical Analvsis
Statistical analyses were performed using a oneway analysis of variance program in the spec/pc statisti- cal software (SPSS, Inc., Chicago, Ill.) package on an IBM-AT microcomputer.
Results
Animal Survival
The survival data for the animals in groups [1] [2] [3] [4] are summarized in Figure 1 . All of the animals in group la survived, whereas 80% of the dogs in group lb died within 48 h of drug administration. The transaminase levels in the group lb dogs increased only moderately «180 u/L) ( Figure 1 ), suggesting that the mortality experienced in this group may not have been due to drug-induced liver injury per se, a conclusion that was confirmed by the histopathological data.
All of the dogs in group 2 died within 48 h of drug administration, with most of the mortality occurring in the first 24 h. Only modestly increased transaminase levels were found in these animals. In contrast to the treated animals, no change in transaminase levels or alteration of liver and kidney histology occurred in the 3 DMSO-treated control animals. Moreover, none of the controls died.
The mortality rate was 25% within 24 h, 60% at 48 h, and 80% at 72 h for group 3. The transaminase levels in this group increased markedly up to 600 U/ L, suggesting substantial hepatocellular injury in these animals.
No deaths occurred in the first 24 h in group 4. Moreover, only a 10% mortality was seen in the next 24 h. From 48 through 72 h, a progressive increase in mortality was observed and achieved a level of 90% at 72 h. This group of animals demonstrated a very impressive increase in their serum transaminase levels. Peak serum glutamic-pyruvic transaminase levels (20) (21) (22) (23) (24) (25) x 10 3 u/L) occurred between 48 and 60 h after initial dosing. It is of interest to note that the peak in the transaminase levels often paralleled the mortality.
The effect of ranitidine treatment on the survival rate of group 4 dogs is shown in Figure 2 . Ranitidine had a significant protective effect. At 72 h, the survival rate of animals treated with a combination of ranitidine and acetaminophen was 80% as compared to only 10% in those given acetaminophen alone. 
Histopathological Results
Histologic examinations of the livers obtained at the time of autopsy or at death revealed striking differences between groups. The liver tissue obtained from dogs in groups 1, 2, and 3 demonstrated only occasional areas of centrilobular necrosis involving less than one-fifth of the lobules and less than one-fifth of the radius of the hepatic lobule, with the central vein being considered as being in the center of each lobule. Prominent centrilobular sinusoidal congestion was seen also. A mild microvesicular vacuolization of hepatocytes was present in several of the animals. In contrast. the liver tissue obtained from animals in group 4 demonstrated a severe zonal (centrilobular) necrosis, involving all of the lobules, with reticulin collapse and occasional central-central bridging necrosis (see Figures 3A and  3B) . The degree of necrosis within individual lobules varied from involvement of one-third of the lobule in the least severely affected ones to almost total involvement in the more affected lobules. The hepatocellular necrosis seen in these animals was associated with prominent centrilobular congestion, hemorrhage, and a mild influx of neutrophils. The necrotic cells in the livers of the group 4 animals demonstrated cytoaggregation and eosinophilia as well as nuclear pyknosis, karyorrhexsis, and karyolysis. The few remaining viable periportal hepatocytes in these animals demonstrated cellular swelling and microvacuolization. No histologic abnormalities were found in the kidneys, lungs, or hearts of these animals.
Biochemical Results
Plasma acetaminophen levels. Blood acetaminophen levels in the dogs from groups [1] [2] [3] [4] are depicted in Figure 4 . In the animals injected intravenously, intramuscularly, or subcutaneously (groups 1, 2, and 3) with only a single dose of acetaminophen, a rapid increase in acetaminophen levels was seen for the first 2-3 h. This was followed by a rapid decline in acetaminophen levels over the next [12] [13] [14] [15] h. In the animals in group 4 that received repeated subcutaneous injections of acetaminophen, the blood level increased for 12 h, at which point they began to slowly decline over the next 12 h such that an acetaminophen level >140 J-tg/ml was maintained for a period of [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] h.
Biochemical parameters. The biochemical parameters monitored in the animals from groups 1. 2, and 3 (data not shown) were inconsistent with a significant degree of hepatic necrosis. Table 1 lists the various biochemical determinations obtained in the animals in group 4. Nonsurviving animals dem-onstrated a significant increase in transaminase levels and a significant decrease in cholesterol, albumin, and urea nitrogen levels, all of which occurred within 48 h of acetaminophen administration. Plasma ammonia levels increased rapidly. The maximum transaminase level in nonsurviving animals was 21 ,253 ± 3746 U/ml. The maximum transaminase level achieved in surviving animals was 1398 ± 503 UlmI. Moreover, the levels of cholesterol, albumin, urea, and ammonia reached to almost the same levels in surviving animals as that achieved in the nonsurviving animals ( Table 1) , but recovery to the normal level was observed during the last 48 h. Table 1 also lists the data for the plasma branched chain amino acids, aromatic amino acids, and ratio determinations of the two obtained in the animals in group 4 . An increase in the plasma aromatic amino acids was observed in all group 4 animals and, as expected, a more pronounced increase was observed in the nonsurviving dogs. Bilirubin levels increased slowly in both cases without reaching a significant statistical value. Table 2 reports the results of the various coagulation tests obtained in the surviving and nonsurviving animals in group 4. A profound depression of all factors measured was observed with time in the non surviving animals, which is more pronounced than in surviving animals.
Hematology. A slight reduction in the hematocrit level was found in ~50°fr) of the dogs in group 4. In 40% of the dogs in group 4 , it decreased to levels as low as 35% as a result of intestinal hemorrhage occurring as part of the syndrome of fulminant hepatic failure. Hemoglobinuria and methemoglobinemia were not present in any of the dogs (data not shown). Similar findings have been reported previously in dogs subjected to acetaminophen-induced hepatic injury (18) .
Clinical Features
All of the animals in group 4 demonstrated a clinical picture consistent with fulminant hepatic failure that paralleled the biochemical and histologic data. Two different stages of the clinical course of these animals could be identified. The first stage was characterized by gastrointestinal signs and symptoms such as anorexia, vomiting, and diarrhea. The second stage was characterized by the appearance of neurologic symptQms that rapidly progressed to COlua. A large animal model of fulminant hepatic failure suitable for the development and evaluation of potential therapeutic modalities for this condition has yet to be described. During the last 10 yr, acetaminophen toxicity (16) (17) (18) and surgically produced ischemic necrosis (4) (5) (6) (7) (8) (9) (10) have been the most widely utilized models of acute hepatic failure. Galactosamine intoxication, a model developed principally in rats (29) (30) (31) (32) ' has not been studied extensively in large animals because of the considerable expense of the drug. A rabbit model of fulminant hepatic failure has been reported by Blitzer et al. (33) but has not been widely accepted principally because the rabbit is a very difficult animal with which to work. The surgical models in current use require considerable technical expertise and expensive operating room resources. Moreover, because of the expense and constraints on operating room time, it is difficult to acquire enough animals to obtain results that can be handled statistically. Worse yet, the results with such models are often inconsistent and are not reproducible from animal to animal. Acetaminophen is an inexpensive and readily available drug. It has been used previously as a hepatotoxic agent for the production of acute hepatic failure in both large and small animals but with quite 25.1 ± 7 12.2 ± 1.5" 10.1 ± 1.5 0 5.89 ± 3.6" 7.81 ± 2.3" 14.11 ± 3.5" 20.9 ± 8.5 AAA (fLmoll100 ml)
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46.3 ± 1.7 64.7 ± 0. variable results. Nonetheless, the biochemical consequences and mechanisms of acetaminophen-induced liver injury have been investigated extensively. Liver damage has been shown to be related to the biotransformation of the drug into an active metabolite that binds to hepatocyte macromolecules, leading to cellular injury and death (12) (13) (14) (15) . Binding occurs only after cellular stores of glutathione have become depleted by >70% (13, 15) . The hepatic toxicity of acetaminophen can be modified by either inducers or inhibitors of drug-metabolizing enzymes as well as by procedures that modify the level of protective electrophilic sulfhydryl compounds within the liver (12) (13) (14) (15) 34) .
The reported results of various experimental models (11) (12) (13) (14) (15) (16) (17) (18) have been compared with the results reported by Prescott et a!. (19) of a series of 30 patients with paracetamol overdose. In humans, the plasma acetaminophen level obtained 12 h after ingestion has been shown to be the best predictor of hepatic injury due to the drug (19) .
None of the previous studies that have evaluated acetaminophen toxicity in large animals (11) (12) (13) (14) (15) (16) (17) (18) (19) have considered this observation. In the present report, a procedure has been developed that maintains plasma concentrations of acetaminophen for up to 20 h at a high enough concentration to create a reproducible form of severe hepatic injury that is not complicated by the appearance of methemoglobinemia. As such this would appear to be the best large animal model of fulminant hepatic failure reported to date.
It was impossible to achieve consistent hepatotoxicity with only a single administration of acetaminophen, whether given intravenously or intragastrically (16) . A single dose of acetaminophen when given either with or without prior induction of microsomal enzymes results in significant animal mortality which is not due to hepatic injury but is due to factors such as methemoglobinemia and cardiorespiratory failure (35) (36) (37) (38) . In contrast, the use of a multidose drug administration protocol, with DMSO as a solvent to allow a slow steady release of the drug from the injection site, produces consistent severe hepatocellular injury. Importantly, the DMSO used as a vehicle does not influence either animal survival or hepatic function when used alone in the control animals. Thus, the multiple injection protocol appears to be the best and easiest currently available method to achieve sufficiently high blood levels of acetaminophen required to induce both consistent and severe hepatic injury. This is demonstrated clearly in Figures 1 and 4 , in which both the survival rates and blood levels of acetaminophen achieved in the different groups of animals studied are shown. Group 4 animals had a high mortality rate beginning at 48 h, which peaked at 72 h. Importantly, mortality coincided with the peak transaminase levels.
All of the animals in group 1 that were not given sodium pentothal survived. In contrast, 80% of the animals treated with acetaminophen in combination with the inducer died. Neither the biochemical nor the histopathological data from these animals were consistent with fulminant hepatic necrosis. Similar results were obtained using a single dose of acetaminophen dissolved in DMSQ, as was the case for groups 2 and 3. In both groups, acetaminophen levels increased quickly during the first 4 h after drug administration but then rapidly decreased reaching nonhepatotoxic levels by 8 h after administration. As was the case in group 1, all of the animals in groups 2 and 3 that died failed to demonstrate any biochemical or pathologic evidence of fulminant hepatic failure. It is therefore most likely that these animals died as a result of a combination of methemoglobinemia, kidney failure, or acute cardiovascular failure, each of which has been shown to occur in earlier studies (32) (33) (34) (35) . In contrast, the data obtained from the animals in group 4 demonstrate that multiple injections of acetaminophen maintain high blood levels of the drug, which leads to consistent severe hepatic injury. The transaminase levels in the group 4 animals rise to levels 10-500 times basal values. In addition, levels of cholesterol, albumin, and various coagulation factors in blood decrease, a finding consistent with severe hepatic injury. Moreover, a sharp increase in ammonia levels that mirrored the transaminase levels was observed. The pattern of plasma amino acid levels rapidly changed to that found in acute hepatic failure. Most importantly, the histopathological findings demonstrated massive hepatic necrosis. An elevation of serum bilirubin levels did occur ( Table 1) , but was not statistically significant and was lower than that reported by others (18) . Nonetheless, the complete absence of hemoglobinuria and histologic evidence of renal, lung, and heart injury clearly document the fact that the animals in group 4 died as a result of acute hepatic necrosis.
An interesting observation shown in Figure 2 is that ranitidine was almost completely protective. This observation is consistent with reports demonstrating a protective effect of ranitidine therapy in rats subjected to hepatotoxic doses of acetaminophen (39) . The protective effect of ranitidine is reported to occur only at very high dosages of ranitidine (39) . At such concentrations, ranitidine binds to cytochrome P450 and prevents the oxidation of acetaminophen to its hepatotoxic metabolite (39) (40) (41) .
The data presented with this model of fulminant hepatic failure support the following conclusions: (a) the amount of acetaminophen used in these experiments does not produce clinically important injury in organs other than the liver; (b) the DMSO used as a vehicle did not affect the results; (c) acetaminophen can be used to induce a reproducible form of severe hepatic injury in dogs; and (dl ranitidine, presumably by inhibiting the oxidation of ACETAMINOPHEN IN HEPATIC FAILURE 477 acetaminophen, prevents the development of fulminant hepatic failure despite very high levels of acetaminophen in dogs.
In conclusion, our results describe for the first time a model of acute hepatic failure in a large animal, which can easily be reproduced in any laboratory, and which should be very useful in the study of mechanisms and therapeutic approaches to the important clinical problem of fulminant hepatic failure. This model satisfies all of the criteria outlined by Miller et a1. (18) for a suitable animal model of acute hepatic failure, i.e., the damage is specific to the liver, it is effective in an animal, which allows eventual human application, the mortality exhibited following the administration of the hepatotoxic drug occurs in a defined time range, the hepatic failure is highly reproducible, and most importantly, it is safe for the investigators involved.
